We identify PICH (Plk1-interacting checkpoint ''helicase''), a member of the SNF2 ATPase family, as an interaction partner and substrate of Plk1. Following phosphorylation of PICH on the Cdk1 site T1063, Plk1 is recruited to PICH and controls its localization. Starting in prometaphase, PICH accumulates at kinetochores and inner centromeres. Moreover, it decorates threads that form during metaphase before increasing in length and progressively diminishing during anaphase. PICH-positive threads connect sister kinetochores and are dependent on tension, sensitive to DNase, and exacerbated in response to premature loss of cohesins or inhibition of topoisomerase II, suggesting that they represent stretched centromeric chromatin. Depletion of PICH causes the selective loss of Mad2 from kinetochores and completely abrogates the spindle checkpoint, resulting in massive chromosome missegregation. These data identify PICH as a novel essential component of checkpoint signaling. We propose that PICH binds to catenated centromere-related DNA to monitor tension developing between sister kinetochores.
INTRODUCTION
The regulation of cell division is based on two posttranslational mechanisms, protein phosphorylation and proteolysis. Prominent mitotic kinases are cyclin-dependent kinase 1 (Cdk1) and members of the Polo and Aurora families (Nigg, 2001; Barr et al., 2004; Vagnarelli and Earnshaw, 2004) . M phase proteolysis largely depends on the anaphase-promoting complex/cyclosome (APC/C). This multiprotein ubiquitin ligase regulates both sister chromatid separation and mitotic exit (Peters, 2002; Pines, 2006) . Sister chromatid separation requires the removal of cohesin proteins (Haering and Nasmyth, 2003) as well as decatenation of DNA by topoisomerase II (Shamu and Murray, 1992; Yanagida, 1995) . In vertebrates, cohesins are removed from chromosome arms during prophase as a result of phosphorylation (Losada et al., 2002; Sumara et al., 2002) . However, centromere-associated cohesin is protected by a type 2 phosphatase in complex with shugoshin (Sgo1) (Kitajima et al., 2006; Riedel et al., 2006; Tang et al., 2006) so that its removal depends on cleavage by separase, similar to the situation in yeast (Uhlmann et al., 2000) .
The activation of separase depends on the destruction of securin by the APC/C, which in turn is controlled by the spindle assembly checkpoint (SAC). This checkpoint monitors the correct bipolar attachment of chromosomes to microtubules (MTs) and thus ensures that replicated sister chromatids are distributed equally to daughter cells (Cleveland et al., 2003; Li and Nicklas, 1995; Musacchio and Hardwick, 2002; Pinsky and Biggins, 2005; Stern and Murray, 2001 ). Genetic and biochemical data concur to demonstrate essential functions for several proteins, notably Mad1, Mad2, Bub3, and the protein kinases Bub1, BubR1, and Mps1, in SAC signaling. How these proteins cooperate to inhibit the APC/C remains to be fully understood, but most models emphasize a key role of Mad2 in the inhibition of the APC/C accessory protein Cdc20 (Mapelli et al., 2006; Yu, 2006) . Elegant micromanipulation studies indicate that the APC/C-inhibitory SAC signal is generated at kinetochores (KTs) that have not yet undergone proper bipolar attachment (Li and Nicklas, 1995; Rieder et al., 1995) . Although changes in the phosphorylation state of KT-associated proteins have been correlated with checkpoint activity status , the molecular source of the inhibitory SAC signal remains unknown. There is evidence that the SAC somehow ''senses'' the tension that develops between sister KTs upon bipolar attachment Rieder et al., 1994) , but where and how this tension is monitored remain to be understood.
In vertebrates, Polo-like kinase 1 (Plk1) performs several important functions throughout M phase of the cell cycle, including the regulation of centrosome maturation and spindle assembly, the removal of cohesins from chromosome arms, the inactivation of APC/C inhibitors, and the regulation of mitotic exit and cytokinesis. (Barr et al., 2004) . Concomitantly, Plk1 localizes to centrosomes and spindle poles, KTs, the central spindle, and the postmitotic bridge. These localizations depend on the C-terminal noncatalytic domain of Plk1 (Jang et al., 2002; Seong et al., 2002) , the so-called Polo-box domain (PBD) (Elia et al., 2003) . The PBD mediates the recruitment of Plk1 to proteins that have been ''primed'' by phosphorylation at appropriate sites, notably sites that conform to a consensus S-pS/pT-P/X motif (Elia et al., 2003) , thus providing an elegant mechanism for controlling Plk1 activity in time and space (Lowery et al., 2005) .
Here we report the identification of human PICH, a predicted DNA-dependent ATPase, as a novel Plk1-PBD binding partner and Plk1 substrate. Our data demonstrate that PICH is regulated by Plk1 and represents an essential component of the SAC in human cells. Its properties and localization during mitotic progression lead us to propose that PICH associates with catenated centromeric DNA, where it may act as a tension sensor to monitor the bipolar attachment of sister KTs.
RESULTS

Identification of PICH
To search for mitotic proteins regulated through recruitment of Plk1, we used the Plk1-PBD in a Far Western ligand binding assay (Neef et al., 2003) . This approach, combined with mass spectrometry, identified ORF FLJ20105 as a candidate binding partner of human Plk1 (see Figures S1A-S1C in the Supplemental Data available with this article online). The N-terminal half of ORF FLJ20105 harbors a predicted catalytic domain, characterized by a DEXH domain, including Walker A and B motifs, and a HELICc domain ( Figure 1A ), which identifies this protein as an SNF2 class ATPase of the superfamily 2 helicases (Eisen et al., 1995; Flaus et al., 2006) . In its N and C (A) Schematic illustration of subdomains within ORF FLJ20105 (PICH), as predicted by Scansite and BLAST analyses on NCBI databases. Numbers refer to amino acid residues (see also Figure S1C ). (B) Evolutionary conservation of the PICH family domain (PFD). Amino acid residues are indicated using single-letter code, and numbers refer to their positions. Dark and light gray indicate conservation and conservative substitutions, respectively. A putative consensus is indicated below the alignment. (C) Immunoprecipitations with mouse anti-Plk1 or 9E10 anti-myc antibodies were performed from nocodazole-arrested HeLa cells and probed by western blotting with antibodies against the indicated proteins. (D) Immunoprecipitations with rabbit anti-PICH or preimmune antibodies were performed from nocodazole-arrested HeLa cells and probed by western blotting with antibodies against the indicated proteins. (E) The electrophoretic mobility of PICH in SDS-PAGE was assayed by western blotting performed on interphase (aph, aphidicoline-arrested) or mitotic (noc, nocodazole-arrested) lysates. The latter lysates were pretreated for 30min with or without calf intestinal phosphatase (CIP). The mitotic status was assayed by monitoring cyclin B levels. Equal loading is shown by detection of a-tubulin.
termini, ORF FLJ20105 also contains so-called tetratricopeptide repeats (TPRs), which are known to mediate protein-protein interactions (Lamb et al., 1995) . As we demonstrate below, ORF FLJ20105 is not only a binding partner and substrate of Plk1 but also essential for SAC signaling. Thus, in the following, we refer to it as PICH (Plk1-interacting checkpoint ''helicase'').
Comparative sequence analyses revealed a conserved motif closely associated with the helicase domain of PICH ( Figure 1B ) that appears to be specific for PICH orthologs. Hence, we refer to this signature motif as the PICH family domain (PFD) ( Figure 1A ). Database searches focused on the PFD ( Figure 1B ) revealed PICH orthologs in vertebrates and plants (e.g., Arabidopsis and rice) as well as in a nonvertebrate chordate (Ciona), the slime mold Dictyostelium, and the single-cell eukaryotic parasite Entamoeba, but not in yeast or typical invertebrate model organisms (Drosophila and Caenorhabditis).
To confirm the interaction between Plk1 and PICH, specific antibodies were raised against PICH (Figures S2A and S2B) and used in reciprocal immunoprecipitation experiments performed on nocodazole-arrested cells ( Figures 1C and 1D) . As shown by western blotting, endogenous PICH could readily be detected in Plk1 immunoprecipitates ( Figure 1C ; see also Figure S1A ), and endogenous Plk1 was present in PICH immunoprecipitates ( Figure 1D ). The two proteins were not brought down by control antibodies, and other mitotic proteins analyzed (Hec1 and BubR1) were not detected in Plk1 or PICH immunoprecipitates, supporting the specificity of the PICH-Plk1 interaction ( Figures 1C and 1D ).
PICH Is a Mitotic Binding Partner and Substrate of Plk1
To study the cell-cycle regulation of the PICH-Plk1 interaction, myc-PICH and FLAG-Plk1 were coexpressed in HEK293T cells, and reciprocal coimmunoprecipitation/ western blotting experiments were performed on asynchronously growing and M phase (nocodazole-arrested) cells. PICH-Plk1 complex formation could readily be observed in M phase but not interphase samples ( Figure S2C ), suggesting a requirement for an M phasespecific modification of PICH, most likely a priming phosphorylation (Elia et al., 2003) . Indeed, PICH isolated from nocodazole-arrested cells displayed a phosphatase-sensitive retardation in electrophoretic mobility ( Figure 1E ; see also Figure S2A ), and a progressive increase in PICH mobility was seen upon release of cells from nocodazole arrest ( Figure S2E ). Thus, PICH is phosphorylated during mitosis as long as Cdk1 activity persists but undergoes dephosphorylation as cells exit mitosis.
Mass spectrometric analysis of the PICH-Plk1 complex isolated from M phase cells identified threonine 1063 as a prominent phosphorylation site in PICH ( Figure S1D ). This residue is part of an evolutionarily conserved STPK motif, suggesting that phosphorylation by Cdk1 might transform it into a PBD-binding site (Elia et al., 2003) . When recombinant Cdk1 was used for in vitro kinase assays, it phosphorylated both wild-type (WT) PICH and, to a lesser extent, a mutant PICH (T1063A) (Figure 2A , middle panel), indicating that T1063 is a Cdk1 phosphorylation site, albeit not the only one. Next, we used a Far Western ligand binding assay (Neef et al., 2003) to test the ability of recombinant PBD to bind PICH with or without prior phosphorylation by Cdk1 (Figure 2A , bottom panel). Whereas WT PICH showed virtually no PBD binding without prephosphorylation by Cdk1, strong PBD binding was seen after phosphorylation. In the case of the T1063A mutant, PBD binding was strongly reduced, albeit not completely abolished, even after prephosphorylation by Cdk1. These results identify T1063 as a major priming site for Plk1-PBD binding to PICH.
To determine whether the Cdk1-induced recruitment of Plk1 to PICH converts PICH into an efficient Plk1 substrate, sequential kinase assays were performed ( Figure 2B ). Recombinant WT and T1063A PICH proteins were incubated with or without Cdk1 in the presence of unlabeled ATP before samples were split and incubated with [g- 32 P]ATP with or without Plk1. Phosphorylation of PICH incubated with only [g-32 P]ATP was minimal, presumably reflecting residual Cdk1 activity ( Figure 2B , middle panel). Likewise, Plk1-dependent phosphorylation of both WT and T1063A PICH was minimal in the absence of prior exposure to Cdk1 ( Figure 2B , bottom panel). In striking contrast, the sequential exposure of PICH to Cdk1 and Plk1 resulted in strong phosphorylation of WT PICH but only weak phosphorylation of the T1063A mutant ( Figure 2B , bottom panel). Thus, PICH is an excellent substrate of Plk1, provided that it has been primed for Plk1-PBD binding through phosphorylation at T1063.
PICH Colocalizes with Plk1 at Kinetochores
Immunofluorescence microscopy was used to examine the subcellular localization of PICH in HeLa cells. Anti-PICH antibodies produced weak, mostly cytoplasmic staining of interphase cells but strong staining of the KT region on mitotic chromosomes ( Figure 2C ). KT staining was confirmed by colocalization with Hec1, and specificity was demonstrated by siRNA-mediated knockdown of PICH ( Figure S2D ). To assess the extent of codistribution between PICH and Plk1, the two proteins were labeled simultaneously in telomerase-immortalized (hTert) RPE-1 cells ( Figure 2D ). In prophase cells, PICH staining was diffuse even though Plk1 could already be seen at KTs, indicating that PICH is not required for the initial KT recruitment of Plk1. PICH and Plk1 then colocalized at KTs from prometaphase through anaphase, but no colocalization was seen at spindle poles, the central spindle, or the postmitotic bridge, arguing against PICH interactions with MTs. Most remarkably, PICH often stained striking threads in between separating chromosome masses. This staining was particularly obvious in anaphase cells ( Figure 2D ), and its significance will be addressed further below. Identical results were obtained in all cell types analyzed (RPE-1, HeLa, MCF-7, COS-7, and U2OS) and were confirmed by transient expression of GFP-tagged PICH ( Figure 3Ba ; data not shown).
Regulation of PICH Localization
We asked whether PICH localization might be controlled by Plk1 or vice versa. No significant effects on Plk1 localization were observed in response to PICH depletion (data not shown). However, when Plk1 was depleted by siRNA ( Figures 3Ac and 3C ), PICH staining spread from the KT region to chromatid arms (compare Figures 3Ad and 3Ab), with similar results in all cell types analyzed (data not shown). This suggested that Plk1 normally prevents PICH from associating with chromatid arms. When GFP-PICH was expressed at low levels, it remained concentrated at KTs, similar to the endogenous protein ( Figure 3Ba ). However, expression at higher levels resulted in the spreading of GFP-PICH to chromatid arms, suggesting that excess PICH could override the restraining influence of Plk1 (Figure 3Bb ). Whenever PICH was present on chromatid arms, its localization was very similar to that of topoII, a marker of chromatid axes (Earnshaw et al., 1985; Gasser et al., 1986 ; data not shown). To rule out that Plk1 depletion caused an accumulation of PICH protein, PICH levels were compared in Plk1-depleted and nocodazole-arrested cells, as well as in cells depleted of the kinesin-related motor Eg5 (which results in a similar mitotic arrest). As shown by western blotting, Plk1 depletion did not cause an accumulation of PICH ( Figure 3D ). Instead, the electrophoretic mobility shift of mitotic PICH was lost upon depletion of Plk1 (but not depletion of Eg5), indicating that it depends on Plk1 activity ( Figure 3D ). To strengthen the conclusion that Plk1 prevents PICH from associating with chromatid arms, two types of cotransfection experiments were performed. First, cells were depleted of Plk1 using a small hairpin plasmid (shRNA) and cotransfected with rescuing plasmids encoding different versions of Plk1 (Hanisch et al., 2006) . As summarized in Figure 3E , only WT Plk1 was able to restore the typical concentration of endogenous PICH at KTs, whereas PBD and kinase mutants were unable to interfere with arm localization. The catalytic domain alone produced an intermediary phenotype, suggesting that PICH could also be phosphorylated and regulated by an excess of unbound Plk1 activity. In a complementary experiment, WT or T1063A mutant GFP-PICH proteins were coexpressed in U2OS cells with either myc-Plk1 T210D (constitutively active) or myc-Plk1 K82R (inactive). Only the constitutively active Plk1 was able to prevent GFP-PICH from spreading to chromatid arms, and this regulation required the presence of the PBD docking site on PICH ( Figure S3 ). Collectively, these data demonstrate that the recruitment of Plk1 to PICH and the ensuing phosphorylation regulate the localization of PICH on mitotic chromosomes.
Structural requirements for PICH localization were also examined by expressing various PICH proteins in U2OS cells ( Figures 3F and 3G) . GFP-PICH localized to both KTs and chromatin arms, provided that the extended helicase domain (including the PFD motif) was present (Figures 3Ga, 3Gc , and 3Ge). In contrast, a PICH mutant comprising only residues 1-632 showed a diffuse association with chromatin (Figure 3Gb) . A mutant carrying the Walker A consensus motif (GKT) altered to AAA showed no chromatin association at all but distributed throughout the cell and occasionally formed large aggregates (Figure 3Gd , asterisk). Counterstaining of cells transfected by WT PICH with anti-Plk1 antibodies revealed that Plk1 was recruited to PICH over chromatin arms (Figure 3Gf) . Similarly, the Walker A mutant (GKT to AAA) caused extensive sequestration of Plk1 to both the cytoplasm and the PICH aggregates (Figure 3Gi ). In contrast, mutants lacking the C-terminal PBD-binding domain (M1 and M2) or carrying a mutation in T1063 (M4) were unable to affect Plk1 localization (Figures 3Gg, 3Gh, and 3Gj ). These data demonstrate that an intact PICH helicase domain, including the extended PFD domain, is critical for PICH localization and confirm that Plk1 interacts with PICH in vivo.
Evidence for Centromere Localization of PICH As shown by colocalization with Hec1, a marker of the outer KT plate (Ciferri et al., 2005; DeLuca et al., 2005) , and borealin, a marker of the inner centromere (Vagnarelli and Earnshaw, 2004) , PICH associated mostly with internal KT structures and the centromeric region ( Figure S4B ). Moreover, as mentioned above ( Figure 2D ), anti-PICH antibodies stained conspicuous threads in mitotic cells. PICH-positive threads were seen with four different rat and rabbit anti-PICH antibodies and different fixation conditions (data not shown), and they were present in all cells examined, both nontransformed ( Figure 4A ) and transformed ( Figure S4A ). As summarized in Figure 4A , numerous short PICH-positive threads could be seen already in metaphase cells where they connected the Hec1-positive KTs of nearly all sister chromatids ( Figure 4Aa ). As cells progressed through anaphase (Figures 4Ab and 4Ac) , the threads became progressively longer, and concomitantly, their number diminished so that they were absent by telophase (Figure 4Ae) . Occasionally, though, long threads could still be seen to connect Hec1-positive KTs in late anaphase cells (Figure 4Ad) . Figure 4D shows a quantitative analysis of the length of these threads, along with their frequency, in cells at representative mitotic stages.
To examine a possible relationship between PICH-positive threads and lagging chromosomes, we increased the frequency of chromosome segregation errors by siRNAmediated depletion of Mad2, Bub1, or BubR1. This interference with SAC function did not reveal any obvious relationship between PICH-positive threads and lagging chromosomes ( Figure 4B and data not shown). Next, we considered the possibility that PICH-positive threads represent stretched chromatin extending between sister KTs. If this were the case, one would predict that the premature removal of centromeric cohesins should enhance thread formation. Indeed, when premature loss of centromere cohesion was induced by siRNA-mediated depletion of Sgo1 (Salic et al., 2004) , a massive enhancement of PICHpositive threads was seen ( Figure 4C ). These threads reached lengths of several mm and often connected sister KTs ( Figure S4C ), supporting the view that they represent stretched centromere-related chromatin. To examine a possible influence of tension on PICH-positive threads, (G) Wild-type and mutant GFP-PICH proteins were transfected into U2OS cells (left column), and these were counterstained with antibodies against Plk1 (right column, [Gf]-[Gj]). Asterisks in (Gd) and (Gi) point to a GFP-PICH aggregate (see also [B] ), to which Plk1 is recruited. Scale bar = 10 mm. 
. PICH Localizes to Centromeric Threads Connecting Sister KTs
(A) Immunofluorescent staining of PICH-positive threads (red) during mitotic progression, from left (prometaphase) to right (late anaphase/telophase), documenting progressive lengthening and concomitant loss of threads. KTs are costained with antibodies against Hec1 (green). DAPI staining for DNA is shown below. Scale bar = 10 mm. (B) To induce lagging chromosomes, HeLa cells were subjected to Mad2 siRNA (36 hr) before costaining with anti-PICH antibodies (red) and CREST anti-KT serum (green). DNA in the same cell was stained by DAPI (right panel); notice lack of colocalization between PICH-positive thread (asterisk) and lagging chromosome (arrow). Scale bar = 10 mm. (C) To induce premature sister chromatid separation, HeLa cells were subjected to Sgo1 siRNA (48 hr) and then stained with antibodies against PICH and CenP-B to visualize PICH-positive threads (red) and KTs (green), respectively. DNA was stained with DAPI (right panel). Scale bar = 10 mm. (D) Quantification confirms that PICH threads are progressively stretched and resolved during anaphase (see Supplemental Data). (E) HeLa cells were treated for 36 hr with Sgo1 siRNA, incubated for 30 min with either paclitaxel (0.58 mM) or DMSO solvent before fixation and permeabilization, and stained for CREST (green) and PICH (red). DNA was stained by DAPI (right panels). Note that PICH-positive threads disappeared in response to paclitaxel. Scale bar = 10 mm.
Sgo1-depleted cells were incubated with paclitaxel, an inhibitor of MT dynamics that is frequently used to decrease tension (Pinsky and Biggins, 2005) . Under these conditions, PICH-positive threads disappeared rapidly (Figure 4E) , suggesting that thread formation and/or PICH recruitment to threads is sensitive to alterations in tension.
Although PICH-positive threads could not be reliably counterstained with DAPI over their entire lengths, DAPI staining could often be seen at their ends (e.g., Figure 4Ad ). Moreover, threads were sensitive to DNase but not RNase treatment ( Figure 5A ), suggesting that they contain DNA. Prompted by a previous study reporting that topoII is required for sister chromatid separation during anaphase (Shamu and Murray, 1992) , we asked whether the resolution of PICH-positive threads requires topoII activity. Experiments were performed in Mad2-depleted cells to avoid the early mitotic arrest typically induced by topoII inhibition (Toyoda and Yanagida, 2006) . Most remarkably, when DNA decatenation was inhibited by application of the topoII inhibitor ICRF-193, PICHpositive threads became very prominent ( Figure 5B ; Figure S4D ) and persisted until cytokinesis ( Figure 5C ). Although surprising, the most straightforward interpretation of this result is that PICH associates with catenated (A) HeLa cells were treated for 24 hr with Sgo1 siRNA; permeabilized and incubated for 12 min with buffer, RNase, or DNase (5 mg/ml) prior to fixation; and stained with antibodies against a-tubulin (green) and PICH (red). DNA was stained with DAPI (blue). Scale bar = 10 mm. (B) HeLa cells were treated for 36 hr with Mad2 siRNA; during the last 3 hr, the topoII inhibitor ICRF-193 (20 mM) or DMSO was added. Cells were then fixed and stained with antibodies against CREST (green) and PICH (red). DAPI shows DNA (blue). Scale bar = 10 mm. (C) Cells were treated as described in (B), except that they were costained for PICH (red) and a-tubulin (green). DAPI shows DNA (blue). Scale bar = 10 mm.
centromere-related DNA that stretches under tension until decatenation by topoII causes its resolution during anaphase.
PICH Is Required for SAC Signaling
To explore the function of PICH, siRNA knockdown experiments were performed. Two distinct duplexes effectively depleted PICH ( Figure S2B ) and produced virtually identical phenotypes. Compared to control-treated HeLa cells (GL2), a 48 hr PICH knockdown resulted in aberrant division and extensive micronucleation, indicating that PICH is required for accurate chromosome segregation ( Figure 6A ). To analyze this siRNA phenotype in more detail, a HeLa cell line stably expressing GFP-tagged histone H2B was used for live-cell imaging as shown in Movies S1-S4. Figure 6C shows stills from such movies, with pictures taken at the indicated time points after the start of chromosome condensation. Whereas control cells exhibited the expected congression of chromosomes to a metaphase plate, followed by the onset of anaphase ( Figure 6C, upper panel) , PICH-depleted cells separated their chromosomes without ever organizing them in a metaphase plate ( Figure 6C, lower panel) . The average time elapsed between the onset of chromosome condensation and the onset of chromatid separation was 33 min (range 22-90 min) for control cells, but only 19 min (range 14-26 min) for PICH-depleted cells ( Figure 6B ). Because the timing of anaphase onset is controlled by the SAC, the above results strongly suggested that PICH is required for SAC function. Indeed, as summarized in Figure 6D , PICH-depleted cells were unable to undergo a mitotic arrest in response to either nocodazole or monastrol, two drugs commonly used to probe SAC function in response to lack of MT attachment and/or tension (reviewed in Pinsky and Biggins, 2005) .
Addition of the proteasome inhibitor MG132 to PICHdepleted cells restored the formation of metaphase plates, indicating that KT-MT interactions were not significantly impaired ( Figure S5 ). Furthermore, none of 11 representative KT/centromere proteins examined (Maiato et al., 2004; Vagnarelli and Earnshaw, 2004) showed aberrant localizations in PICH-depleted cells, strongly arguing against a general disruption of KT/centromere structure (Figures 7A-7E ; Figure S6 ). Of all proteins analyzed, only Mad2 was selectively lost from the KTs of PICH-depleted cells ( Figure 7A ), even though the abundance of Mad2 was not affected ( Figure 7C ). Mad1, the binding partner of Mad2 at the KT (Musacchio and Hardwick, 2002) , was still present, as were the two checkpoint kinases Bub1 and BubR1 (Figures 7B-7E ; Figures S6A and S6B; data not shown). Nocodazole treatment restored Mad2 to KTs in MG132-arrested control cells, but not in PICH-depleted cells ( Figure S6C ), confirming that PICH is required for the recruitment of Mad2 to KTs. Considering that Mad2 is a known inhibitor of the APC/C (Fang et al., 1998; Mapelli et al., 2006; Yu, 2006) and that its loss from KTs often correlates with impaired SAC function (Pinsky and Biggins, 2005) , this protein plausibly constitutes one critical component (albeit perhaps not the only one) through which PICH exerts its specific effect on SAC signaling.
DISCUSSION
We describe PICH as a SAC component whose localization to KTs and centromeres is controlled by the mitotic kinase Plk1. The localization of PICH to conspicuous threads that persist into anaphase raises provocative questions as to the path of centromeric DNA and the timing of centromere decatenation. Specifically, the properties of PICH lead us to hypothesize that this ATPase associates with catenated centromeric DNA, where it may act as a tension sensor to monitor the bipolar attachment of sister kinetochores.
PICH: A Mitotic Target of Plk1
Human PICH was identified as an interaction partner and substrate of Plk1. Our data indicate that Plk1 prevents the association of PICH with chromosome arms and restricts its localization to the KT/centromere region. This role of Plk1 in controlling PICH localization during prophase is highly reminiscent of the function of this kinase in removing cohesins from chromatid arms (Hauf et al., 2005; Losada et al., 2002; Sumara et al., 2002) , raising questions as to possible functional connections between PICH and cohesins. Moreover, it will be interesting to determine what mechanisms protect centromere-associated PICH from Plk1 activity.
PICH Defines a Subclass of the SNF2 Helicase Family PICH clearly belongs to the SNF2 family of ATPases, which share a catalytic core with the superfamily 2 of predicted helicases. Rather than acting as processive helicases, members of this family utilize ATP hydrolysis to displace proteins from chromatin (Becker and Horz, 2002) , translocate on double-stranded DNA (Svejstrup, 2003) , or generate superhelical torsion (Beerens et al., 2005; Havas et al., 2000; Lia et al., 2006) , consistent with roles in chromatin remodeling, DNA recombination, and DNA repair. We found that the N-terminal half of PICH, comprising the extended helicase domain, was both necessary and sufficient for KT/centromere localization, whereas deletion of the PFD domain resulted in diffuse chromatin association, underscoring its functional importance. Mutation of the Walker A motif abolished chromatin association altogether, suggesting that PICH associates with DNA in an ATP-dependent fashion.
Evidence for PICH Localization to Catenated
Centromeric DNA In addition to its concentration at KTs and inner centromeres, endogenous PICH was found to localize to striking threads. These threads were difficult to visualize with DNA stains or antibodies against other proteins (including topoII or the centromere-associated CENP-A or CENP-B; data not shown), and, to the best of our knowledge, no such threads have been reported in FISH experiments with centromeric DNA probes. Yet PICH is predicted to bind DNA, and several lines of evidence support the interpretation that these unusual PICH-positive threads represent stretched chromatin. First, they became visible when chromosomes underwent bipolar attachment during late prometaphase and connected most pairs of sister KTs in metaphase. Second, they increased in length and concomitantly decreased in number during anaphase. Third, they could be removed by DNase treatment. Fourth, they were exacerbated by depletion of Sgo1, indicating that premature release of centromeric cohesin caused their stretching. Finally, they persisted through telophase when topoII activity was inhibited. Collectively, these data point to the conclusion, albeit tentative, that PICHpositive threads represent stretched and catenated centromere-related chromatin. The apparent persistence of catenated DNA into anaphase is unexpected, but we emphasize that a requirement for topoII activity during anaphase has been reported previously (Shamu and Murray, 1992) .
Human PICH Is an Essential Component of the SAC As a consequence of PICH depletion, cells went through mitosis without awaiting chromosome congression. Moreover, they were unable to activate the SAC in response to either nocodazole or monastrol. Although rescue experiments proved unreliable because of extensive cell death induced by PICH overexpression (data not shown), we are confident that the inability of PICH-depleted cells to mount a SAC response reflects a direct role of PICH in checkpoint signaling. First, PICH was mostly cytoplasmic during interphase ( Figure 2C ), arguing against an indirect mechanism due to a nuclear function related to transcription, replication, or chromatin remodeling. Second, the localization of many representative KT/ centromere proteins was not detectably affected by depletion of PICH, indicating that PICH is not required for generalized KT assembly. Third, PICH-depleted cells were able to form metaphase plates when mitotic exit was blocked by MG132, demonstrating that MT attachment to KTs was not significantly impaired. Most importantly, PICH knockdown resulted in a specific loss of Mad2 from KTs, indicating that this Cdc20 inhibitor most likely represents a downstream mediator of PICH action. Interestingly, the KT association of Mad1 was not detectably influenced, suggesting that PICH regulates the Mad2-Mad1 interaction (either directly or indirectly).
It may appear surprising that no obvious orthologs of PICH could be identified in the genomes of yeast, Drosophila, and Caenorhabditis. However, a PICH family member is clearly detectable in both Dictyostelium and Ciona ( Figure 1B) , suggesting that functional homologs may be widespread amongst eukaryotes but escape detection by bioinformatics algorithms. Considering that some 2% of all Saccharomyces cerevisiae genes code for helicase-related proteins (Shiratori et al., 1999) , there is no shortage for candidate PICH homologs in yeast, and functional redundancy would readily explain why no PICH homologs were identified in the original screens for SAC components (Hoyt et al., 1991; Li and Murray, 1991) .
A Working Model for PICH Function
According to current models, centromere-associated cohesins hold sister chromatids together until the extinction of the SAC results in separase activation and cohesin cleavage (Haering and Nasmyth, 2003) . Furthermore, the activity of the SAC is believed to be regulated through MT attachment and/or tension developing at the KT-MT interface (Pinsky and Biggins, 2005) . Questions that remain largely unresolved concern the extent to which DNA catenation contributes to sister chromatid cohesion and the timing of topoII action at centromeres (Shamu and Murray, 1992; Yanagida, 1995) . The properties of the PICH protein described here lead us to envision a role for centromere-associated DNA in SAC regulation. Analogous to the purported roles of other SNF2 family members, it seems plausible that PICH may induce changes in DNA topology or remodel centromeric chromatin. Additionally, PICH may respond to tension-dependent alterations in DNA topology. Based on this premise, we propose the following working model for PICH function (summarized schematically in Figure 7F ): During prometaphase, PICH accumulates at KTs and inner centromeres, reflecting its regulation by Plk1. At this stage, PICH is required to uphold conditions permissive for the production of Mad2 protein at KTs, so that the SAC is on and the APC/ C is inhibited (Figure 7Fa ). In response to bipolar attachment, the catenated centromeric DNA is proposed to stretch under tension, resulting in the formation of PICHpositive threads connecting sister KTs. A tension-induced change in PICH activity (and/or the recruitment of PICH away from KTs) would then bring the production of inhibitory Mad2 protein to a halt, so that the SAC becomes extinct (Figure 7Fb ). Finally, during anaphase, PICH function is no longer coupled to SAC regulation, but PICH remains associated with centromeric DNA threads until decatenation is completed by topoII (Figure 7Fc ). At this stage, PICH may regulate the access of topoII and/or protect stretched DNA from nonspecific rupture.
The key prediction of the above model is that catenated centromere-related DNA provides a structural continuity between sister kinetochores, thereby offering a platform for the monitoring of tension by a DNA-bound enzyme. The model further proposes PICH as a candidate tension sensor on chromatin, similar to the recent proposal that Sgo1 could function as a tension sensor at the KT-MT interface (Indjeian et al., 2005) . The two proposals are not mutually exclusive since SAC signaling could conceivably originate from both catenated DNA and the KT-MT interface. A mechanistic understanding of PICH function and concomitant testing of the above model will have to await studies on the enzymology of this predicted ATPase. We are confident that the discovery of PICH provides new opportunities for elucidating the hitherto elusive connections between DNA catenation, sister chromatid cohesion, and SAC regulation. Considering that both SNF2-related proteins and SAC components have been linked to human cancer (Kops et al., 2005; Owen-Hughes, 2006) , it will also be interesting to explore a possible relationship between PICH and the etiology of human disease.
EXPERIMENTAL PROCEDURES
Plasmids and Antibodies
Assembly of a cDNA coding for full-length PICH, plasmid construction, and site-directed mutagenesis were carried out as described in Supplemental Data. Coupled in vitro transcription/translations were carried out using the Promega TNT T7 kit. Recombinant MBP-PICH protein was expressed in E. coli (strain JM109-RIL) and purified under native conditions (QIAexpressionist system; QIAGEN). Antibodies against full-length MBP-PICH-His were raised in rabbits (Charles River Laboratories) and rats (in-house animal facility). All other antibodies were described previously or obtained commercially (see Supplemental Data).
Immunofluorescence Microscopy and Live-Cell Imaging
Immunofluorescence microscopy was carried out as described in Supplemental Data. For live-cell imaging, a HeLa S3 cell line stably expressing histone H2B-GFP was used. Following siRNA treatment, cells were placed into CO 2 -independent medium and onto a heated stage (37 C). Live-cell imaging was performed using a Zeiss Axiovert 2 microscope equipped with a Plan Neofluar 603 objective. Metaview software (Visitron Systems GmbH) was used to collect and process data. Images were captured with 50 ms exposure times with 2 min intervals for 16 hr.
Transient Transfections and siRNA
Plasmid transfections were performed using FuGENE 6 reagent (Roche Diagnostics) according to the manufacturer's instructions. SiRNA duplexes were transfected using Oligofectamine (Invitrogen). PICH was depleted using duplexes (QIAGEN) targeting two different sequences, with identical results. For sequences, see Supplemental Data.
Biochemical Assays
Coimmunoprecipitation experiments and mass spectrometry were performed as described in Supplemental Data. In vitro phosphorylation of PICH by Cdk1 was carried out in a total volume of 20 ml BRB80 kinase buffer (Stucke et al., 2004) for 30 min at 30 C using 200 ng PICH, 100 ng Cdk1/cyclin B (Upstate), 1 mM ATP, 0.1 ml [g-32 P]ATP (3000 Ci/mmol; 10 mCi/ml). After stopping the kinase reactions by addition of gel sample buffer, samples were resolved by 7.5% SDS-PAGE and either subjected to autoradiography or transferred to Hybond-C Extra membranes (Amersham Biosciences) for Far Western blotting. Kinase reactions used in Far Western analyses were performed under identical conditions except that [g-32 P]ATP was omitted.
Far Western assays were performed using GST-tagged PBD (1 mg/ml) for 6 hr at 4 C followed by detection of bound protein with affinitypurified rabbit anti-GST antibodies (Neef et al., 2003) .
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures, Supplemental References, six figures, and four movies and can be found with this article online at http://www.cell.com/cgi/content/full/ 128/1/101/DC1/.
